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Abstract  
We present a comparative ab initio computational study of sodium and lithium storage in amorphous 
(glassy) carbon (a-C) vs. graphite. Amorphous structures are obtained by fitting stochastically 
generated structures to a reference radial distribution function. Li insertion is thermodynamically 
favored in both graphite and a-C. While sodium insertion is thermodynamically unfavored in graphite, 
a-C possesses multiple insertion sites with binding energies stronger than Na cohesive energy, making 
it usable as anode material for Na-ion batteries. 
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1. Introduction 
The perspective of a widespread use of clean but intermittent sources of electricity (wind and solar) 
as well as of hybrid electric vehicles calls for alternatives to Li-ion batteries, as Li resources may be 
limited [1, 2]. Sodium being abundant, cheap, and a relatively light and small atom, Na-ion batteries 
have recently attracted much interest [2, 3]. However, while most studies of Na-ion batteries focus on 
the positive electrode, the negative electrode remains less investigated and an efficient anode material 
providing all a good capacity, a high cycle life, and a descent rate of charge/discharge, is still not 
available. Some efficient electrode materials for Li, in particular diamond Si and graphite C, have been 
shown to not allow the intercalation of Na [4, 5]. Computational studies report positive intercalation 
energies [6, 7] and therefore suggest that the insertion of Na into the crystalline framework of graphite 
and Si is thermodynamically not favored: Na atoms prefer to cluster rather than to intercalate into the 
crystalline phase. Absence of significant Na insertion in graphite is also confirmed experimentally [8]. 
Na insertion into graphite has only been achieved by co-insertion with some electrolytes [9]. 
Amorphization of Si has recently been shown to improve substantially the interaction between Si 
and Na, and amorphous Si (a-Si) has been predicted to allow Na insertion by two independent studies 
[6, 10]. We hypothesize that the same should hold for amorphization of carbon. To the best of our 
knowledge, the effect of amorphization of carbon on Na and Li storage has not been computed. Its 
knowledge is needed for rational design of electrodes for Na-ion batteries as well as for Li-ion 
batteries. Indeed, carbon is widely used as storage medium and/or conducting binder in both types of 
batteries [11]. Specifically, nano-sized graphite (which is also sometimes called “amorphous carbon”, 
as opposed to truly amorphous or “glassy” C [12]) has been used as anode for Na-ion batteries [13]. 
Amorphous carbon as anode material has been investigated for Li insertion [14]. In Ref. [15], 
amorphous carbon-coated TiO2 nanocrystals were used in a lithium-ion battery, while amorphous 
carbon-coated Na7Fe7(PO4)6F3 has recently been investigated experimentally as a cathode material in 
sodium ion batteries, and it was shown that the coated material exhibits twice the capacity of the 
uncoated sample [16]. Glassy carbon in nanocomposites can be a component of electrodes. An 
increasing interest lies in the combination of different materials, composite materials, e.g. amorphous 
phosphorous/carbon composite [17] and nanocomposite Sb/C [18] were investigated as promising 
anode materials for Na-ion batteries. 
In this paper, we therefore investigate the effect of amorphization of carbon on the energetics of 
insertion of Li and Na and show that, contrary to graphite, amorphous (glassy) carbon favors sodium 
insertion and can therefore work as anode for Na-ion batteries. This is a computational study at the 
dispersion-corrected Density Functional Theory (DFT-D) level. In Section 2, we introduce the 
methodology used to make the amorphous structures and to do ab initio calculations. In Section 3, we 
present calculations of two different amorphous carbon structures and the number of the most stable 
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insertion sites into these two structures (Section 3.1) in comparison to the known lowest site in 
graphite, as well as the energetics of Li and Na in a-C versus graphite (Section 3.2). We show that 
amorphization leads to stronger binding of Li and Na to carbon. Section 4 concludes that amorphous 
carbon is suitable as anode material Na-ion batteries and may also be advantageous for use in Li-ion 
batteries. 
 
2. Methods 
2.1. Amorphous carbon structure  
Amorphous structures were generated by randomly sampling distributions of 64 carbon atoms 
placed in a box of size 8x8x8 Å3, with periodic boundary conditions. The initial density of about 2.5 
g/cm3 is near that of previously reported amorphous structures [19, 20]. A large number (>106) of 
distributions were sampled, for which the radial distribution functions (RDF) were compared to the 
experimental RDF of Ref. [19]. The structures giving a good fit of the RDF to the experimental RDF 
[19] were then optimized with DFT-D including optimization of lattice vectors (to zero pressure), 
which did not result in significant changes of the RDF or of the density. While the method bears 
similarity to that used in Ref. [12] in that initial random structures are used, we introduce significant 
improvements in that we fit to the experimental RDF and ensure that the structure is stable under cell 
vector optimization to target pressure. 
2.2. Ab initio calculations 
Structures were optimized with density functional theory (DFT) [21, 22] using the SIESTA code 
[23]. The PBE exchange correlation functional [24] and a double-ζ polarized basis set were used. The 
basis sets were tuned to reproduce the cohesive energies of Li, Na, and diamond carbon (computed 
values of, respectivelyt, 1.67, 1.14, and 7.65 eV are in good agreement with reference values [25, 26, 
27]). Core electrons were replaced with Troullier-Martins pseudopotentials [28]. Spin-polarized 
calculations were performed. The DFT-D2 approach of Grimme [29] is used to model the van der 
Waals interaction between the C atoms. This is important for comparison with graphite. No correction 
was used between the C and Li/Na atoms due to significant ionicity of the bonds (large charge 
donation, see below). The Grimme parameters were tuned to reproduce the spacing of layers of 
graphite (the computed value of 3.35 Å is in good agreement with reference values [30, 31]). This was 
achieved with Grimme parameter values of s6=1.0, D=20, C6= 1.75 J nm6 mol−1, r=1.725 Å [29]. 
Nearly cubic supercells of 64 and 128 C atoms with periodic boundary conditions were used to model 
the intercalation of Li and Na in a-C and in graphite, respectively. The Brillouin zone was sampled 
with 3×3×3 (4×4×4) Monkhorst-Pack point grid [32] for amorphous (graphite) structures, and a 100 
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Ry cutoff was used for the Fourier expansion of the electron density. All atomic positions and the 
lattice vectors were allowed to relax, until forces were below 0.03 eV/Å and stresses below 0.1 GPa, 
respectively. 
The energetics of Na and Li insertion in the amorphous and crystalline (graphite) phases of C were 
analyzed based on the defect formation energies per Li/Na atom Ef, 
 
𝐸𝑓 = 𝐸(𝐶−𝑀)−𝐸(𝐶)−𝑛𝐸(𝑀)𝑛 , 
 
where M stands for the inserted metal (M=Li/Na), n represents the number of inserted metal atoms of 
type M, E(C-M) designates the energy of the supercell with the Li/Na-inserted C structures, E(C) 
represents the energy of the pure carbon structures (graphite or amorphous), and E(M) represents the 
energy of one atom of Li/Na in bulk (i.e. bcc Li/Na). Negative values of Ef indicate therefore 
thermodynamical preference for Li/Na insertion, and positive values indicate thermodynamics 
preference for bulk metal formation (“plating”) [33, 34]. 
 
3. Results and Discussion 
3.1. Amorphous carbon structure and insertion sites 
Two amorphous structures were generated and are shown in Fig. 1(a, b). We use two different 
structures to ensure that the results are not skewed due to a particular generated structure. Their RDF 
are shown in Fig. 1(c) together (and in good agreement) with that from neutron diffraction data [19]. 
Both amorphous structures have a mass density of ~2.5 g/cm3 and a sp3 fraction of ~0.5, in agreement 
with amorphous structures generated by melting and quenching (MD) using the DFTB scheme [20]. 
The fractional sp3 character is related to a coordination number of ~3.5 [35, 36]. The amorphous 
structures are less stable than the graphite phase by 0.80 and 0.92 eV per atom for structures 1 and 2, 
respectively. To find Li/Na insertion sites in a-C, we performed a k-means clustering [37, 38] analysis 
of a uniform three-dimensional grid of points covering each structure spaced by 0.2 Å and excluding 
points closer than 1.5 Å to C atoms. This allowed us to identify 17 and 19 potential insertion sites in 
structures 1 and 2, respectively. These sites were used as initial guesses for the insertion sites and 
further optimized by DFT-D. The positions of optimized unique insertion sites are also shown in Fig. 1 
(a, b). A total of 13/12 unique Li/Na sites were found in both structures. The known lowest energy site 
in graphite is also shown in Fig. 1(d) and is used for comparison [31, 39, 40].  
3.2. Insertion energetics of Li and Na into a-C vs. graphite 
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The defect formation energies of Li and Na in all structures are listed in Table 1 and are plotted in 
Fig. 2(a). The defect formation energy for Li insertion in graphite is -0.09 eV and for Na insertion 
+0.76, in good agreement with observed anodic voltages for Li [34, 8], with previous calculations [6], 
and with the fact that Na does not intercalate in graphite [4, 5]. In a-C, there is a distribution of Ef 
values, with lowest Ef values stabilized by 1.48 eV for Li and 1.99 eV for Na, vs. graphite. This 
behavior is similar to what we previously observed for Li and Na insertion in amorphous vs. crystalline 
Si and TiO2 [6, 41]. All Li sites except one have a negative Ef. More importantly, the amorphization of 
carbon makes Na insertion thermodynamically favored, with half the sites showing binding energies 
stronger than the cohesive energy of Na. a-C will therefore operate as an anode for Na-ion batteries, 
while graphite does not. Amorphization of carbon could also be used to increase the anodic voltage in 
Li-ion batteries by up to 1.5 V, which could be useful e.g. to match it with the redox window of the 
electrolyte and limit electrolyte decomposition [34, 42]. 
In Fig. 2(b), we plot Ef as a function of the effective coordination number N (number of neighbors 
of the Na atom with a cutoff distance rc=2.5 Å). The correlations with Pearson’s R values of 0.93 
(0.73) for Na (Li) are statistically significant. As expected, the inserted Li and Na atoms donate charge 
to the host, ranging 0.2-0.6 (0.5-0.7) |e| based on Mulliken (Voronoi) charges for Li and 0.4-0.7 (0.4-
0.6) |e| for Na in a-C. To compare, in graphite, the charge donation is 0.5 (0.7) |e| for Li and 0.5 (0.6) 
|e| for Na. However, no significant correlation of Ef to the charges was found. 
We also investigated the insertion energetics of Li/Na in a-C for higher concentrations x ( 2
64
, 3
64
, 6
64
) 
than that of x = 1
64
 considered above, x being the number of Li/Na atom inserted per C atom. Because 
of the prohibitive computational cost of the exhaustive screening of all combinations of two, three, and 
six occupied sites, only the 2, 3 and 6 lowest energy sites are computed for each amorphous structure 
(i.e. two calculations for each concentration). The plot of the defect formation energies against Li/Na 
concentration is given in Fig. 3. The negative defect formation energies for x = 2
64
 and 3
64
  (and also 6
64
 
in Li) suggest that the insertion of 2 and 3 Li/Na (and 6 Li) per 64 atoms of C is favored in the 
amorphous phase. For 6 Na atoms, the configurations modeled give a favored insertion in one of the 
two amorphous structures, and a slightly positive Ef in the other. The defect formation energies 
increase with metal concentration, as expected; we note that the negative of the defect formation 
energy, -Ef, is equal to the average voltage, see Ref. [43]. These results suggest that Na intercalation 
could happen for a higher concentration than the very dilute concentration of x = 1
64
. 
4. Conclusions  
We have shown in a comparative computational study that while the lowest-energy insertion site in 
graphite does not favor Na intercalation, the amorphous phase (a-C) provides insertion sites with a 
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wide distribution of energies, including sites with binding energies of Na stronger than Na cohesive 
energy. a-C can therefore operate as an anode for Na-ion batteries, while graphite cannot. 
Insertion of both Li and Na is stabilized by amorphization, by up to 1.5 and 2.0 eV, respectively. 
Amorphization of carbon could also be used to increase the anodic voltage in Li-ion batteries to e.g. 
limit electrolyte decomposition. 
We also show that it is possible to obtain a reliable amorphous structure in a computationally 
efficient way by optimizing randomized structures pre-selected to satisfy the desired (e.g. 
experimental) radial distribution function. 
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7. Tables 
Table 1. Defect formation energies Ef of Li and Na in graphite and in a-C. Zero corresponds to the 
cohesive energy of Li and Na, respectively. 
 
host Li Ef, eV Na Ef, eV 
Graphite -0.085 0.760 
a-C 1 
-1.563 -1.234 
-1.516 -1.106 
-1.196 0.701 
-0.507 1.232 
-0.306 1.313 
-0.197 1.568 
a-C 2 
-1.539 -0.891 
-1.053 -0.845 
-0.697 -0.153 
-0.613 0.407 
-0.543 1.247 
-0.137 1.666 
0.285  
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8. Figure captions 
Figure 1. Structures 1 (a) and 2 (b) of a-C (brown) with Li/Na insertion sites (green), and their radial 
distribution functions compared to experiment [19] (c). Visualization by VESTA [44]. The 
lowest energy insertion site in graphite is also shown in panel (d). Li sites are shown, and Na 
sites are visually similar. 
 
Figure 2. (a) Filled symbols: the defect formation energies Ef of Li and Na with respect to bulk Li and 
Na, respectively, in a-C. Circles and rhombuses are for the two amorphous structures. The 
corresponding Ef values in graphite are also shown as empty black circles. (b) Dependence of 
Ef on the coordination number N. 
 
Figure 3. The defect formation energies per dopant atom (Ef) of Li/Na with respect to bulk Li/Na in a-
C against Li/Na concentration x (x being the number of Li/Na metal atom per C atom). Circles 
and rhombuses are for the two amorphous structures. 
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9. Figures 
Figure 1. 
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